A number of cell surface structures are thought to belong to the Ig superfamily (IgSF) t because they contain at least one domain with a characteristic folding pattern, called the Ig fold (reviewed in reference 1). Several of these molecules have critical functions in immune responses . In addition to ensuring specific antigen recognition (Ig, TCR), they may function as monomorphic ligands critical in cell-cell interactions (e .g., ICAM, CD4, CD8), receptors for viruses (e .g., CD4, ICAM), or lymphokine receptors (e .g., IL-1-R, IL-6-R).
were centrifuged for 5 h at 4°C in an SW 27 .1 rotor (Spinco) at 25,000 rpm . The tubes were punctured at the interface between the 2 .05 and 1 .3 M sucrose layers . After two extractions by phenol-chloroform and precipitation by ethanol, the poly(A)' mRNA was prepared by oligo(dT) column chromatography (4) . sscDNA was synthesized using reverse transcriptase primed with oligo(dT) . dscDNA was synthesized from poly(A)' RNA derived from the MB-F5 material according to the method of Gubler and Hoffman (5) . After protection of internal Eco RI sites by Eco RI methylase and size selection on an ultra low temperature agarose gel (>500 bp), the dscDNAs were cloned into the Eco RI site of X gt10 using linkers (6) . The resulting X gt10-cDNA hybrids were then packaged in vitro using a commercial packaging extract (Amersham Corp ., Arlington Heights, IL) . After plating on Escherichia coli C600 Hfl', we obtained 6 x 10' recombinant phages .
Isolation and Characterization of LAG-3 cDNA Clones. The MB-F ., cDNA library (2 x 10' recombinant phages) was plated on E. coli C600/Hfl (10 3 phages per plate) . Screening of filters was carried out according to standard procedures, except that Gene Screen Plus (Dupont Co ., Wilmington, DE) nylon membranes were used . Hybridizations were done for 16 h at 42°C in 50% formamide, 5 x SSC, 5% Denhart's solution, 100,ug/ml denatured salmon sperm DNA, and 5 x 10 6 dpm/ml 32 p-labeled ssDNA MB-F5 subtracted probe. Filters were washed in 1 x SSC, 0 .5% SDS at 65°C twice, followed by washing in 0 .1 x SSC, 0 .1% SDS at 42°C . The cDNA inserts were subcloned into PBS, a T3T7 transcriptional promoter containing vector (Stratagene, La Jolla, CA) . To isolate cDNA clones that contain additional 5' sequences, we screened in turn three different TCR-,y/6' cell-derived X gt10 libraries containing cDNA primed either with oligo(dT), with random hexamers, or with a specific primer (nucleotides 704-688 of sequence FDC in Fig. 1 ) . 32 P-labeled ssRNA FD47 probe was transcribed in vitro from the linearized pBS plasmid using T7 polymerase in the presence of 10 AM 32 P-UTP (800 Ci/mmol') (7) and used to screen the first cDNA library to obtain clone FD19 (see Fig . 1 ) . Subsequently, a 0 .3-kb Barn HI-Hind III genomic fragment that corresponds to the more 5' region of the fourth exon ( Fig . 2) was labeled by the hexamer-priming method (8) and used to screen the second library to obtain clones FD61 and FD101, and the third library to obtain a near full-length 5' sequence containing cDNA (FD191) .
The sequences of clones FD47 and FD19 were determined directly from ds supercoiled plasmids in both directions with an universal M13 primer or a reverse M13 primer using the dideoxy chain termination procedure (9) and the modified T7 polymerase (United States Biochemical Corp ., Cleveland, OH) . The sequences of FD61, FD101, and FD191 were determined from ssDNA after cloning in either the M13mp18 or the M13mp19 vectors . Comparison of amino acid sequences to known Ig-related domains was done using the ALIGN program with a bias of 6, a break penalty of 6, and 150 random runs (1) .
Northern and Southern Blot Analysis. RNA was prepared from the cytoplasmic fraction of cells lysed in hypotonic buffer in the presence of NP-40 . Total RNA was purified by two phenolchloroform extractions, followed by two ethanol precipitations . The RNA preparations (10 mg/slot) were dissolved in water, heated at 50°C for 1 h in the presence of 1 M glyoxal, 50% DMSF, and run in a 1% agarose gel at 50 V for 3 h . The gels were then soaked in 10 x SSC for 30 min, and the RNA was transferred on two Gene Screen Plus nylon membranes .
For the Southern blot analysis, high molecular weight genomic DNA samples (10 mg) were digested with either Eco RI, Hind III, Barn HI, or XbaI, subjected to electrophoresis through 0 .7% agarose, and blotted in alkaline buffer onto Gene Screen Plus nylon membranes .
32 P-labeled DNA probes were prepared from agarose-purified fragments by the hexamer random priming method (8) . The nylon filters were prehybridized in 50% formamide, 5 x SSC, 5 x Denhardt's solution, 100 Fcg/ml salmon sperm DNA, 10°Jo polyethylene glycol 6000 for 4 h at 42'C, and then hybridized in the same buffer with 10 6 dpm/ml 32P-labeled cDNA probe at 42°C for 16 h . Filters were washed twice for 30 min in 1 x SSC, 0 .5% SDS at 65'C, followed by a 30-min wash in 0 .1 x SSC, 0 .1% SDS at 42°C . Molecular Cloning of the LAG-3 Gene. Genomic DNA clones were isolated from the LY67 library made with partial Mbo I-digested DNA from a human EBV transformed B cell line inserted into X2001 (10) . The FD47 insert was labeled using the hexamer random priming method and used to screen 2 x 10 5 plaques of this human genomic DNA library. Nine positive plaques were isolated (GD1 to GD9), and phage DNA were characterized by restriction mapping using the FD19 probe, which contains half of the protein coding region and the 3' untranslated region. Two overlapping 16.4-kb Eco RI and 11.5-kb Hind III DNA fragments were generated and subcloned into the plasmid pUN121 (11) to give the GD3 Eco and GDl Hind clones. Detailed restriction maps of these subclones were constructed and compared with the restriction map ofthe FDC sequence shown in Fig. 1 . Various restriction fragments were obtained from ultra-low temperature agarose gels and subcloned into bacteriophage M13mp18 or M13mp19 . The sequences ofthese fragments were determined from ssDNA using the dideoxy chain termination procedure (9) and the modified T7 polymerase (United States Biochemical Corp.). 17-base oligonucleotides, whose sequences were derived from either the cDNA FD19 (positions 497-513 in Fig . 1 B) or from the sequence of the 5' flanking region of the LAG-3 gene (positions -421 to -437 in Fig. 3 ), were synthesized and used in the sequencing project .
Chromosomal Localization by In Situ Hybridization. In situ hybridization was performed according to a previously described method (12) . The GD3Eco fragment (16 .4 kb) was labeled with Bio-11-dUTP (Bethesda Research Laboratories, Gaithersburg, MD) . The hybridized probe was visualized on chromosomes after indirect immunofluorescence; an antibiotin antibody was used to detect the biotinylated probe and a IgG fluorescein conjugate was used as a second antibody. Chromosomes were counterstained by propidium iodide and photographed .
Results and Discussion
Isolation of a LAG-3-specific cDNA Clonefrom the MB-F55IIIE5 Sublibrary. Experiments were designed to isolate cDNA clones expressed selectively in an IL-2-dependent CD3-NK cell line termed F5. The MB-F5 expression library was prepared using mRNA extracted from MB polyribosomes on sucrose gradients . Such libraries are enriched in RNA (<10To of the total mRNA) encoding either membrane-anchored or secreted proteins. MB-F5 was screened with a cDNA probe obtained by subtraction of the MB F5 mRNA with mRNA from a series of transformed cells, including Jurkat (T cell leukemia), Laz 388 (EBVtransformed B lymphoblastoid cell line), K562 (erythro-myeloid leukemia), and U937 (histiocytic origin) . 0.5% (120 clones) of the X GT10 recombinant phages present in the MB-F5 library were selected with this screening procedure . One 400-bp clone, termed FD47, was studied because it hybridized to a 2-kb transcript expressed in the F5 cells while being absent from Jurkat, Laz 388, K562, and U937 (data not shown) .
Isolation and Structure ofa Near Full-length LAG-3 cDNA. To obtain longer cDNA, we prepared three additional libraries from a TCR . y/S+ cloned cell line. These cells were used because their mRNA was found to hybridize strongly with FD47 . A first library was obtained from mRNA primed with oligo(dT) leading to the characterization of the 1,004-bp FD19 clone (Fig. 1 a) . Because FD19 accounted for only half the size of the transcript, a second library was prepared using random hexamer oligonucleotide priming. The clones FD61 and FD101 obtained by this approach were further informative with respect to the upstream sequence of the LAG-3 mRNA. Finally, it is with a third library primed with a specific oligonucleotide corresponding to the 5' region of the FD19 cDNA (nucleotides 704-688 of the sequence shown in Fig. 1 b) that a 5' sequence including the initiation codon ATG was obtained in clone FD191 .
Using these overlapping clones that spanned a total length of 1,871 bp, we established the nucleotidic sequence, termed FDC ( Fig. 1 b) , of the LAG-3 transcript . The LAG-3 mRNA has a long open reading frame encoding a 498-amino acid pro- (a) Restriction map of FDC, a sequence derived by contiguity from overlapping human LAG-3 cDNA clones . FD47 and FD19 were isolated from independently derived oligo-dTprimed cDNA libraries . FD61 and FD101 were obtained from a hexamer random-primed cDNA library. FD191 is derived from an LAG-3-specific oligomerprimed (positions 704-688 of sequence FDC) cDNA library. The protein-coding region is boxed . The shaded region represents the mature polypeptide after cleavage of the leader peptide . (6) Nucleotide sequence of lymphocyte cDNA clones encoding the human LAG-3 antigen. The methionine initiation codon and the stop codon are underlined . This sequence, termed FDC, was derived by contiguity from five overlapping LAG-3 cDNA (clones FD47, FD19, FD61, FD101, and FD191). These sequence data have been submitted to the EMBL/GenBank Data Libraries under the accession numbers X51984 and X51985.
tein . The sequence surrounding the presumed start codon (GAGATGT) is compatible with the Kozak consensus sequence (13) . In the 3'-untranslated region, there is a single consensus polyadenylation site at position 1619 . Using an alignment program based on a dynamic programming algorithm (14) , the analysis of the LAG-3 cDNA revealed no significant local homologies with sequences available in the GenBank database .
Isolation and Structure of the LAG-3 Gene. Nine genomic clones (25-35 kb) were isolated from a human genomic DNA library with the FD19 probe. These clones were characterized by Southern blot hybridization and were found to display the same restriction map using the various LAG-3 probes . Overlapping fragments of two selected subclones, designated GDl Hind and GD3 Eco (Fig . 2 a) , were characterized by further restriction mapping and partial nucleotide sequencing. The map of the LAG-3 locus, from the 5' Sph I to the 3' Bgl II sites, is shown in Fig. 2 a. The LAG-3 gene spans -6 .6 kb and includes eight exons. A series of sequences (data not shown) was performed to study the precise exon-intron organization . All the introns displayed the appropriate GT and AG splicing donor/acceptor sites at their extremities (data not shown) . In the promoter region (Fig . 2 b) , no TATA box is found upstream of the 239-bp 5' untranslated sequence . An Sp 1 binding site that contains the typical GGGCGG core hexanucleotide (15) is located at position -389 from the translation initiation site. An ATTGG sequence (CCAAT box in reverse), known to be an important component of several promoters (16) , is present at position -662.
To further characterize the LAG-3 gene, DNAs from the K562 myeloid tumor cell line and from polyclonal IL-2-dependent T and NK cell lines were digested by either Eco RI, Hind III, Bam HI, orXba I restriction enzymes. Southern blot hybridizations were performed using the FDC probe (1,871 bp) that had been constructed by fusing the 5' Eco RI/Hind III fragment of clone FD191 to the 3' Hind III/Eco RI fragment of clone FD19 . Three Eco RI fragments (2, 8.2, and 10 kb), two Hind III fragments (5.7 and 9.5 kb), three Bam HI fragments (2.8, 4, and 13 kb), and three Xba I fragments (3, 4, and 6 kb) were detected (data not shown) . These results, in accordance with the restriction map of the genomic clones, indicated that the LAG-3 gene is present in the human haploid genome as a single copy gene.
Expression of the LAG-3 Gene. The 1,004-bp clone FD19 was used as a probe to analyze the expression of the LAG-3 gene in a series of hematopoietic and nonhematopoietic cells (Fig . 3) . There was no message in the transformed cell lines of T, B, and myeloid origin (Jurkat, Laz 388, K562, U937 ; Fig. 3 a, lanes 1-4) that have been used for the subtraction procedures . Additional T cell tumors including CEM and MOLT-4 were also found to be negative (data not shown), as well as peripheral blood monocytes (Fig. 3 a, lane 14) , two cultured neuroblastoma cell lines (one shown in lane 15), fresh brain tissue (lane 16), and a tumor cell line of hepatic origin (lane 17).
Resting lymphocytes (Fig. 3 b, lane 1) as well as resting purified T cells (Fig. 3  a, lane 13) were negative . A series of normal T and NK IL-2-dependent clones and polyclonal cell lines described previously (2, 17, 18) were assessed. The transcription of the LAG-3 gene was detected as a single species mRNA of ti2 kb in all these activated lymphocytes. Fig. 3 a displays data representative of the various subpopulations tested : lanes 5-7, three CD3-NK cell lines; lanes 8-11, four CD3+ TCR a/a+ lines, including two CD4+ and two CD8 + cells; lane 12, 1 CD3 + TCR-y/b+ cell line.
These data supported the view that the LAG-3 protein corresponds to a broadly expressed (i.e., not restricted to a unique subset) lymphocyte activation antigen . The kinetic parameters of this expression were tested after PHA stimulation of PBL. Fig. 4 b joins (3 strand C to /3 strand C' and contains 10 proline residues . It seems that such an insertion might be compatible with IgSF fold since it does not disrupt the core of the fold that is considered to consist of /3 strands A, B, E and G, F, C (19) . Differences in V and C domains occur in the middle of the fold, and also an alternatively spliced exon that can be inserted in the coding sequence for N-CAM domain 4 occurs in this region (20) . The second unusual point is that the downstream cysteine of domain 1 seems likely to be in the (3 strand G position rather than in a strand F (residue 121), as is almost invariably the case (Fig . 4 b) . The pattern of Asp x Gly x Tyr x Cys is very characteristic in the 0 strand F position, and this is present, except that an Ala is in the Cys position . It seem possible than a disulphide bond as shown in Fig. 4 b might form and it should be noted that an unusual disulphide bond of a different kind has been reported in the Vlike domain of CD8a chain (21) .
An Arg-Gly-Asp (RGD) sequence is found in (3 strand E (Fig . 4 b) . This motif is known to represent a potential adhesiotope (22) , but it is dubious that its forms the core of a major binding site since, at this position (+101), such a sequence is probably exposed within the IgSF fold .
Exons IV, V, and VI encode IgSF-related domains (1) with 51, 50, and 42 aa, respectively, between the two conserved cysteine residues . These three domains have Ctype folds and show sequence patterns characteristic of the C2-SET (1) . They were scored against C2-SET sequences with the ALIGN program (23, 24 ): of 57 sequences tested, scores of >3 SD were obtained 32, 41, and 11 times for domain 2, 3, and 4, respectively. Domain 4 belongs to the truncated C2-SET since it lacks strand D.
LAG-3 domains 1 and 2 were aligned by eye with domains 3 and 4, taking into account identities and structural considerations (Fig . 5 a) . Since domain 1 contains an extra loop of sequence, the alignment was started at as 91 in this domain and at as 276 in domain 3. Out of 129 possible matches between residues, there are 34 identities, 35 similarities, and 9 breaks (alignment score + 8.5 SD). Moreover, in a strand F of domains 2 and 4 there is a sequence W x C that is most unusual at this position, where the sequence Y or F x C is commonly found (1). Taken together, the data suggests that LAG-3 has evolved by gene duplication from a preexisting two-domain structure resembling that of an Ig L chain. One of the most prominent characteristics of LAG-3 is its structural relationship with CD4. Indeed, an alignment of sequences with some notable patches of identity can be made as shown in Fig. 5 b. Two large gaps are inserted to allow for the extra loop of sequence in LAG-3 domain 1 and for the fact that CD4 domain 3 is of V SET type, while LAG-3 domain 3 is of C2-SET type. The patches of similarity include the start of domain 1 (nine identities and six similarities out of 17 possible matches), and the very unusual W x C sequence in LAG-3 domains 2 and 4, which are also present at the corresponding positions in CD4. This sequence motif is not seen in an equivalent position in any other IgSF domains. Overall, there are 87 identities and 82 similarities out of 338 residues aligned (19 breaks) when the extracellular regions of LAG-3 and rat CD4 are compared . As in the LAG-3 structure, notable patches of internal sequence homologies are found in the CD4 molecule between domains 1 and 2, as well as between domains 2 and 4 (25) . More generally, the exonintron organization of LAG-3 and CD4 is very similar: both genes include an intron within the first IgSF domain, and the position of the introns (marked by arrows in Fig. 5 b) in LAG-3 is very close to that of CD4.
It has been previously suggested that CD4 has evolved by gene duplication from a.pre-existing two-IgSF structure (25) . The present findings strengthen this hypothesis and support the view that CD4 and LAG-3 may have shared a common fourdomain evolutionary ancestor.
Chromosomal Location of the LAG-3 Gene. In light of the likely relationship between LAG-3 and CD4 genes, it was of interest to compare their location on the genome. The human CD4 gene has been shown to be located on chromosome 12 (26, 27) , with a regional assignment corresponding to band pter-p12 (27) . In situ hybridization was performed on human chromosomes using a 16 .4-kb biotinylated LAG-3 genomic probe and indirect immunofluorescence . Green fluorescent spots were recurrently observed on the distal segment of the short arm of a middle-sized chromosome (Fig . 6, a and b) . R-banding of the metaphases showing these fluorescent spots indicated that the LAG-3 probe is localized on chromosome 12 on the p13 .3 band (Fig . 6 c) . More precisely, the LAG-3 gene position on chromosome 12 is likely to be assigned to the p13 .32 band because green spots were not distally located on pl3 .3 in the majority of the cells examined . The frequency of metaphases with at least one spot on one of the four chromatides of chromosomes 12 was 75 ,76 . Very few other spots (two or three per cell, according to the probe concentration) were observed in the karyotype on the other chromosomes.
Thus, the positions of both LAG-3 and CD4 genes in the human genome are very similar since the regional assignment of CD4 (pter-pl2) includes band p13.3 . This observation confirmed that both genes are likely to derive from a common evolutionary ancestor. In light ofthe present data, one cannot exclude that the LAG-3 protein may have biological properties similar to that of CD4 with respect to interactions with MHC gene products (28, 29) or with viral proteins (30, 31) .
More generally, LAG-3 may function like many other IgSF molecules as a ligand for membrane-anchored or soluble proteins. Among IgSF members whose expression is upregulated upon cell activation, examples include ICAM-1, known to be involved in cell-cell interactions (32) , and IL-1-R . or IL-6-R, which function as receptors for growth factors (33, 34) . Note that ICAM-1 has also been shown recently to represent a major receptor for rhinoviruses (35) . Further studies will be needed to test these working hypotheses on the LAG-3 function .
Summary
We have identified a novel human gene of the Ig superfamily, designated LAG-3. Expression ofthis gene is undetectable in resting PBL, while it is found (a 2-kb message) in activated T and NK cells. The LAG-3 gene includes eight exons; the corresponding cDNA encodes a 498-amino acid membrane protein with four extracellular IgSF domains . The first one belongs to the V-SET; it is particular since it includes an extra loop in the middle of the domain and an unusual intrachain disulphide bridge. The three other domains belong to the C2-SET Strong internal homologies are found in the LAGA molecule between domains 1 and 3, as well as between domains 2 and 4. It is therefore likely that LAGA has evolved by duplication of a preexisting gene encoding a two IgSF-domain structure. The compared analysis of LAG-3 and CD4, with respect to both their peptidic sequence as well as their exon/intron organization, indicated that the two molecules are closely related . This point is strengthened by the finding that both genes are located on the distal part ofthe short arm of chromosome 12.
